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Abstre:t
A veriaty of analyzing powers for d+p breakup reections initisted by polerized deuterons
incident on protons have bean messured et deuteron bombarding energies of 16 and 79 MeY. The
results are compoared with Faddeev calculetions using both seperable (et 16 end 79 MeY) and local
(at 79 MeY) interactions. These calculations {ncluce nucleon-nucleon forces in the S, P, and D

states and the 35, - 30, tensor force,



1. Introduction |

The study of reactions involving three nucieons has been stimulaled over the years by the
quest for answers to severs! fascinating questions for nuclear physics. Thesa include the
off-energy-shell properties of the nucleon-nuclson (NN) force and the nature of thres-body forces.
The mathematical accuracy with which the three-bcdy problem can be solvad by using the Faddeev
method (1,2} and employing the ansa/c of pairwise two-body forcas between the particles hos
greetly improved as techniques and computing factlities have been developed. However, some
features of the calculetions still remain in question, and these must be settled before the calculations
can be used to extract from the data truly fundsmentsl properties of the NN interaction. Basically,
these difficulties orise becouse, for many situations of interest, the complexity of the solution
process would require an fnordinate amount of computer time were one to employ a realistic NN
force, such &s the Reid sofl-core potential [3). Therefore, procedures have been developed in
sttempts to expedite the solution process while still maintaining accuracy and sound physics. One
such procedure [ 4,5] is to use ssparaeble, nonlocal HN interections. These interections are chosen,
of course, {0 fit the two-body data over an appropriate energy renge; however, one needs {0 be wery
that the additionai freedom in such interections does not yiald unphysical resulls. Another procedure
(6-8) 1s to uss one of the accepted local interactfons, but to economize on computer time by adopting
on appropriste perturbational scheme. Here we will present the results of oalculations using both
procedures. No Coulomb corrections are included in these calculetions.

The exper imental measurements are of d+p breskup observables using poleri2ed deuterons of
16 MeV ot the Los Alamos lon Beam Facility and 79 MeY et the Indiana University Cyclotron Feacility.
For most of this work, it is the first time polerization obsurvebles, rether then just broakup cross
sections, were meesured for the kinemotic configuretions describad. Al 16 MaY we have delermined
enalyzing powers in 8 kinematically incomplets experiment and have also determined analyzing

powers and croes sections for several finul-siate gsometries in k inematically complets experiments.



At 79 MeY we have measurod analyzing powers in kinematically complete experiments.
In presenting all our results, we emplay the symmetric choice for the y axis [9) and display

the absolute dale errors, which are dominated by counting statistics.

2. Dataat Eq4 = 16 MeV

Data at a deuteron bombarding energy of 16 MeY were obtained using the tandem Yan de Oreaf(
eccelerator and Lamb-shift polarized fon source at the Los Alamos lon Beam Facility. The target and
detecters were loceted in @ large cubical scetlering chamber, the “supercube”, which has four

independently rotetable !irntables for mounting detec’ors in each azimuthal quadrent and which also

hes the capability of being roteted sbout the beam direction. The Si Cetectors were arranged in AE-E
configurations to perform particle identificetion and were mounted such that both coplener and
noncoplanar data could be obtained. The data-taking procedure was thst of the “three spin stete
method” described in ref. [ 10].

2 1. Kinematically incomplete experiment
This experiment employed a irydrogen ges terget and hes been comploted and published [ 11].

Briefly, the proton continuum from the 'H(d.o)on resction was detected at lab angles from 15° to
42.5°, and ot each angle the mezlmwry.&, .Aw.undlg‘z wore measured as & function cf

the proton continuum energy. This wee the first such experiment performed in such datail and with
sufficient energy resolution in the finel state to abserve effects from pn pairs emerg'ng in a singlet
stete. Becouse of this, several earlier misconceptions were clesred up by this work. Feddesv

calculations using a saparabls NN interaction were found to be in reasonable agreemant with the date.

2.2 Symmelric, constani-relative-energy (SCRE) yeomelry
The SCRE geometry is expected to be sensitive to osrtain espects of the NN intersction



[12-14)] end hes o final state characterized by equal poler angles of the two emerging protons end
equal relative energies between all pairs of particles. Here we used a rotating polysthylene target
ond detected the prolons in coincidence in a kinematicelly complets experiment. For this
experiment, and the other kinematically complele experiments described below, the events from
each detector are displayed by en on-1ine computer in 8 t~0-dimensional, energy-shering spectrum.
In such a spectrum, the breakup events accur along a lacus allowsd by conservation of energy and

mementum and were clearly evident in all the experiments. Such kinematic loci ere tliustreted in
fig. 8 of ref. [9]. Inthe SCRE geometry, there is only one kinematic varisble, the angle a that the
c.m. reaction plane makes with the beam direction. For a=0°* (c. m. proton momenta forward) and

a =180° the lab geometries are coplanar, but for other values of a, noncoplanar lab geometries
result. For the SCRE geometry with the symmetric choice of y axis, the snalyzing powers not
prohibited by perity conservation sre A, A, "W’ I\,z. endA,,=-A,, -Aw (9]. Here we measured
A ond Ny I fig. 1 we show the results of our SCRE measurements along with the results of

Faddesv calculations using separable NN inieractions. The solid curves ere from calculations using

the NN force of ref. [ 11], end the dashed curves ere resulls using @ more recent version of the NN
force, the force lebelled 2'SyR, 4T4R, P, D in ref. [ 1S]. This latter force fs an improvement aver
that of ref. [ 11] in the following sense. First, it fits the NN phase shifts for some states better and

over a larger energy renye. Second, It simulates a short-range repulsive component in the 'S, end

35,-3D, NN states by incorporsting appropriate nodes in the form factors. It wes somewhat

disappointing, though not entirely unexpected, to find that the calculetled analyzing powers are %0
similer for the two NN interactinns (fig. 1). We note that both calculations ssem to underestimate

A, ihthe middie of the anqulier renge. In making such comparisons, however, it should be reslized



that at 16 Mev the reletive energy of each emerging nucleon pair 1s only sbout 1.5 MeY, end
therefore one expects the Coulomb force to meke its influence felt, at lesst to some extent. Some

ostimatos of Coulomb effects in elestic scetlering are shown in ref. [ 15].

2. 3. Collinesr geomeliry

In s final-state geometry, one of the nucleons (here the neirtron) is left atl rest in thec.m.
gyslem, thersby constraining the c.m. momenta of the other two ( here the protons) to be equal in
magnitude end oppasitely directed. Breakup differentisl cross sections in such a geometry have been
meesured previously | 16-18). Two of these studies [ 16,17] indicated enhanced sensitivity to the
NN interaction at collinearity. A third study [ 18], however, concluded that there is no such
sansitivity end that a sensitivity was deduced in ref. [ 16) only because the data were compered with
calculations thet used only an S-wave NN force.

We studied this question further by messuring several tensor snalyzing powers, 8s well as
breakup cross sactions, for d+p breaskup at 16 MeV. The apparatus was the same as for the work
described in sect. 2.2. Two collinear geometries were studied, with detected proton lab angles of
33.4°-33.4° ard 24.4°-40.0°. In eddition, two geomstries just outside of the collineer region

wore 81%0 investigated, with proton lsb angles 31.4°-31.4° and 24.4°-35.0°. In fig. 2 we show the
enalyzing power having the best statistica! sccurecy, the combination -A,,-AWIZ ot 24.4°-40.0°.

Theeo data ere displayed as e function of erciength eround the kinamatic locus, with the collinearity
point being at arclenglth = 0. The curves show the resulls of Faddeev calculations using the NN
interactions montionsd in sect 2.2. The aegresment of the calculetions with experiment is
reasonable, considering that tha Coulomb force is naglected. Also, there appesrs to be no striking
anomely at the collineerity poinl. Thess comments are (rue as well for the other measuraments,

which ere not shown hece.



3. Deta st Ed = 79 Ma¥Y

Inorder to obtain data that would be less susceptible to uncertainties in interpretation becauss
of the Coulomb force, we performed measurements of tensor analyzing powers in the SCRE geometry

using a 79-MeV polarized deuteron beam &t the Indiana University Cyclotron Facility. The two

AE-t detector systems each consisted of & 0.5-mm-thick Si detector and & 10-mm-thick,
hyper-pure Ge detecior. The target wes polystiylene, sbout 10 mg/cm? thick. Supporting the
deiector sysiems left and right of the incident beam were two platforms that can rolste independently
about the beam direction, thus allowing independent adjustment of the detector-system poler and
azimuthal angles. The dets obtained so far ore shown in figs. 3 and 4 along with the results of

Faddeev calculations. The solid curves are from a calculation using a separeble NN interaction thet
is 8 modified version of the improved forc- mentioned in sect. 2.2. The madification wes to the 'So

and tensor components, and it wes felt that the changes would improve the interection for use in
three-bady calculations st higher energies, but would leave the results ot lower energies essentially
unchengad. The dashed curves are from o calculation [6,8] using the (local) Reid soft-core
interaction [ 3], in which the pure s-wave paris of the forcs are inciuded exactly, end the higher
peartial-wave components are trested in first order. The crossed curves are from a calculetion using
o separable simuletion of the Paris potential { 19]. It is seen that the local potential reproduces the

enslyzing power 'W betler then the separeblo inlerections. It eppears, thersfore, thet et this

higher energy the breskup is sensitive enough to the NN interaction to indicate some difficulty with
these separable interactions. Further work is nesdsd to discover just where the trouble lies.
4. Conclusions

We have discursed mecsurements and Faddeev calculations of enelyzing powers for the d+p

breskup reaction a! polarized deulsron bombarding energies of 16 end 79 MevV. We found thet



calculetions using-sepaerable NN interections did reasonably well in reproducing the 16-MeY date,
taking into consideraiion the fact that the presence of the Coulomb force injects some uncertainty

into the comparison at thet energy. At 79 MeY, we discovered that neither of the two sepereble NN
interactions we used geve sslisfaclory agreement with the tensor enalyzing power AW, but the

local- potér:tial calculation did quite well, even though the hiah.ér partial waves in the NN interaction
were treated in perturbation. It seems, therefore, thet this energy is 8 good one at which to study
NN interection proparties important for three-body dynemics.
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Figure Caplions
Fig 1. Messurements | points) and F addeev caiculations ( curves) of tensor analyzing powers for the
d+p breakup reaction in the SCRE geometry. The polerized deuteron bombarding energy is (6 MeV.

The calculations are described in sect. 2.2.



Fig 2. Messurements ( points) and Faddeev calculstions (curves) of the indicated combination of
lensor analyzing powers around the kinematic locus for the d+p breskup resction at a polarized
deuteron bombarding energy of 16 MeV. The two protons in the final stete are detixcled at lab angles
of 24.4° and 40.0°. The collineerity point occurs at arclength = 0. The calculations are described

in sect. 2.2.
Fig 3. Messurements ( points) and Faddeev calculations (curves) of the tensor analyzing power M
for the d+p breakup reection in the SCRE geometry ot & polarized deuteron bombarding energy of 79

MeVY. The calculations are described in sect. 3.

f10. 4. The tensor analyzing power A, 8t 79 Mey. See the caption to fig. 3.
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